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1. INTRODUCTION {#jdb12991-sec-0005}
===============

Type 2 diabetes (T2DM) is a serious worldwide health problem with a striking increase in prevalence and incidence. Heart failure (HF) due to cardiovascular disease is the major etiological factor for death in diabetic patients; however, morbidity and mortality of HF are shown to increase significantly among diabetic patients without cardiovascular disease.[1](#jdb12991-bib-0001){ref-type="ref"}, [2](#jdb12991-bib-0002){ref-type="ref"} The Heart and Soul Study demonstrated that diabetes and glycemic control were independent risk factors for new‐onset HF in patients with stable coronary artery diseases who were free from HF at baseline.[3](#jdb12991-bib-0003){ref-type="ref"} Additionally, the incidence of HF in patients with diabetes was 2\~3‐fold higher than in those without diabetes.[4](#jdb12991-bib-0004){ref-type="ref"}

Cardiomyopathy induced by glucose metabolism disorder, which is defined as diabetic cardiomyopathy (DCM), may be a crucial reason for heart dysfunction. Cardiomyocyte apoptosis and myocardial fibrosis are the early major pathological changes of DCM. Although the exact prevalence of DCM is unknown, the incidence of diastolic dysfunction in patients with T2DM is up to 30% in some studies.[5](#jdb12991-bib-0005){ref-type="ref"} Accumulating evidence suggests that left ventricular diastolic dysfunction (LVDD) is the earliest clinical manifestation of DCM, and LVDD implies cardiac tissue remodeling. Poirier and his colleagues found that about 60% of T2DM patients without hypertension and cardiovascular diseases were found with LVDD by cardiac tissue Doppler. E wave and A wave are defined as early and late ventricular filling velocities evaluated by cardiac tissue Doppler. Based on these studies, E\'/A\' value \<1 and pseudo‐normal pattern of ventricular filling were regarded as LVDD.[6](#jdb12991-bib-0006){ref-type="ref"}

G‐protein‐coupled receptor kinase‐2 (GRK2), which localizes on the plasma membrane, has been shown as a key regulator of cardiac contractile function. Early data have suggested that the myocardial GRK2 levels were mirrored by levels in peripheral blood mononuclear cells (PBMCs).[7](#jdb12991-bib-0007){ref-type="ref"}, [8](#jdb12991-bib-0008){ref-type="ref"}, [9](#jdb12991-bib-0009){ref-type="ref"} Additionally, GRK2 was upregulated in pathological situations such as HF, hypertrophy, and hypertension. What is more, lymphocyte GRK2 protein levels can independently predict prognosis in patients with HF.[10](#jdb12991-bib-0010){ref-type="ref"}, [11](#jdb12991-bib-0011){ref-type="ref"} Another study showed that lymphocyte GRK2 levels increased during acute myocardial infarction and were associated with worse cardiac function. This study indicated that GRK2 could be a biomarker and predictor of ventricular remodeling after myocardial infarction and could facilitate the tailoring of appropriate therapy for high‐risk patients.[12](#jdb12991-bib-0012){ref-type="ref"} Moreover, the increase of lymphocytes GRK2 was observed in HF patients with DM compared to non‐DM.[13](#jdb12991-bib-0013){ref-type="ref"} Our previous observational study demonstrated that GRK2 expression increased in lymphocytes of T2DM patients without evidence of hypertension and coronary artery diseases.[14](#jdb12991-bib-0014){ref-type="ref"} Additionally, we found that the GRK2‐mRNA level was concentration‐dependently increased in H9C2 cardiomyoblasts cultured with high glucose medium, indicating that hyperglycemia induced GRK2 upregulation.[15](#jdb12991-bib-0015){ref-type="ref"} However, the GRK2 expression in the early stage of DCM remains unclear.

Db/db mouse is a model of T2DM with leptin receptor insensitivity characterized by significant obesity, fasting hyperglycemia, hyperinsulinemia, and insulin resistance. It also develops changes in cardiac structure and function similar to those in T2DM patients.[16](#jdb12991-bib-0016){ref-type="ref"} Recent studies have confirmed that functional and morphological alterations in db/db hearts are consistent with DCM.[17](#jdb12991-bib-0017){ref-type="ref"}, [18](#jdb12991-bib-0018){ref-type="ref"}

In this study, we aimed to investigate the association of GRK2 with early DCM by estimating the expression of GRKs both in the myocardium of diabetic mice and in the PBMCs of patients with early DCM.

2. MATERIALS AND METHODS {#jdb12991-sec-0006}
========================

2.1. Animal study {#jdb12991-sec-0007}
-----------------

### 2.1.1. Animal preparations and experimental protocol {#jdb12991-sec-0008}

Eleven diabetic male mice of the \[C57BL/ks (db/db)\] strain and eight nondiabetic congenic littermates at 7 week of age were purchased from Nanjing Biomedical Research Institute of Nanjing University. Both diabetic mice and control mice were randomized into two groups after purchase (5 for 8 W DM group, 6 for 12 W DM group, 3 for 8 W control group, and 5 for 12 W control group). All mice were housed under constant conditions of temperature (22°C) and humidity (55%), with a 12:12‐hours reversed light:dark cycle and had free access to food and water. Food and water intake was recorded daily and food and water were replenished every 2‐3 days according to the intake condition. Mice were weighed and the blood glucose concentration was measured from the tail vein every week using a OneTouch Blood Glucose Monitoring glucometer (glucose assay kit; Johnson & Johnson, New Brunswick, NJ). Cardiac function of mice was evaluated by echocardiography at 8 or 12 weeks of age, after they were euthanized; meanwhile, body weight was determined before the anatomy; hearts were harvested, rinsed briefly in phosphate‐buffered saline, blotted dry, and weighed. The left ventricles were sectioned for hematoxylin‐eosin (HE) staining, Masson staining, TUNEL staining, western blot, and real‐time quantitative polymerase chain reaction (PCR) assays. Animal care and experiments conformed to the Guide for the Care and Use of Laboratory Animals, approved by the US National Institutes of Health (eighth Edition, National Research Council, 2011), and were also approved by the Research Ethics Committee of Guangdong Provincial People\'s Hospital (No. GDREC2014170A).

### 2.1.2. Echocardiographic evaluation {#jdb12991-sec-0009}

The mice underwent transthoracic two‐dimensional guided M‐mode echocardiography using a Technos MPX ultrasound system (ESAOTE, Genoa, Italy). M‐mode images of the left ventricle were obtained from parasternal short‐axis and the parasternal long‐axis view. The M‐mode images measured systolic and diastolic wall thickness and left ventricles end‐systolic diameters (LVESD) and end‐diastolic diameters (LVEDD) respectively. Left ventricles fractional shortening (FS) was calculated as FS = (LVEDD‐LVESD)/LVESD; Left ventricular ejection fraction (EF) was calculated as EF = (End‐diastolic volume − End‐systolic volume)/ End‐diastolic volume. End‐diastolic volume and End‐systolic volume were calculated by the Teichholz formula: volume = 7/(2.4 + left ventricular diameter) + left ventricular diameter.[3](#jdb12991-bib-0003){ref-type="ref"}

### 2.1.3. HE and Masson staining {#jdb12991-sec-0010}

After fixation with 10% formaldehyde, the cardiac tissues were subjected to dehydration and embedded in paraffin. Tissue section 4 um in thickness were deparaffinized, rehydrated, and stained with hematoxylin and eosin to evaluate the cardiac structure. Other 4 um‐thick serial sections were subjected to Masson staining to observe the degree of myocardial fibrosis. The interstitial collagen volume fraction (CVF) was calculated as the area occupied by the blue‐ dyed tissue, divided by the total myocardial area under direct vision. CVF was calculated by Image Pro Plus software.

### 2.1.4. TUNEL staining {#jdb12991-sec-0011}

Heart tissues was fixed in 10% formaldehyde, embedded in paraffin, and then sectioned at 4 um. The Meilun One Step TUNEL Apoptosis assay Kit (Dalian Meilun Biotechnology, Dalian, China, Catalog number MA0223) was used according to the manufacturer\'s instructions and details about the TUNEL staining assay have been published in our previous article.[14](#jdb12991-bib-0014){ref-type="ref"} The apoptotic cells were characterized by positive fluorescence detection. One thousand cells were counted, the positive cells were identified, counted, and analyzed. The apoptotic index was expressed as the percentage of positive cells (Nikon 80i, Tokyo, Japan).

### 2.1.5. Immunofluorescence assay {#jdb12991-sec-0012}

Heart tissue were fixed in 10% formaldehyde, embedded in paraffin, and then sectioned at 4 um. Heat the unstained slides in an oven at 60°C for 45 minutes, rehydrated the slides through two changes of xylene and a graded alcohol series, and then rinsed the slides in dH2O and PBS. The slides were permeabilized with 0.1% Triton X‐100 and blocked with the goat serum/PBS (1:200) for 30 minutes at room temperature. After that, the slides were incubated with GRK2 antibody (Santa Cruz Biotechnology, Dallas, TX, Catalog number: sc‐13143) for 1 hour at room temperature. Following that, the slides were washed with PBS once and then incubated with a goat antirabbit IgG 594 for 30 minutes at room temperature. Nuclei were stained with DAPI for 5 minutes. The images were captured using a Nikon 80i microscope. Positive cell percentage was expressed as the number of immunofluorescence positive cells of all cardiomyocyte nuclei per field.

### 2.1.6. Western blot analysis {#jdb12991-sec-0013}

After extraction of myocardial proteins, equal amounts of the protein preparations were separated by 10% sodium dodecyl sulfate‐polyacrylamide gel electrophoresis. The separated proteins were transferred to polyvinylidene fluoride membranes for 120 minutes at 200A. The membrane was blocked with 5% milk in Tris‐buffer saline solution containing 0.05% Tween‐20 and then incubated with a primary antibody against collagen‐1 (1:1000, Protein tech), collagen‐3 (1:1000, Protein tech), P53(1:2000, Protein tech), and glyceraldehyde 3‐phosphate dehydrogenase (GAPDH; 1:5000, Protein tech) at 4°C overnight. The following day, the membrane was incubated with horseradish peroxidase‐conjugated secondary antibody for 2 hours at 4°C. The immunoreactive proteins were visualized using ECL plus detection system (GE Healthcare, Waukesha, WI).

### 2.1.7. Real‐time quantitative PCR {#jdb12991-sec-0014}

Total RNAs were extracted from myocardial tissues using Trizol reagent (Ambion, Austin, TX). First‐strand cDNAs were synthesized using 5X Prime Script RT Master Mix (Takara Biomedical Technology Co., China), according to the manufacturer\'s protocol. The real‐time PCR was performed using CFX Connect^TM^ Real‐Time System (Bio‐Rad, Hercules, CA). One microliter of RT reaction products were amplified by PCR in a volume of 10 ul under the following conditions, 95°C for 2 minutes, followed by 40 cycles of 95°C for 5 seconds, 60°C for 30 seconds, using iTaq Universal SYBR Green Supermix (Bio‐Rad). Primers specific for GAPDH (sense primer: 5′‐AAG AAG GTG GTG AAG CAG GC‐3′, antisense primer:5′‐TCC ACC ACC CTG TTG CTG TA‐3′), GRK2 (sense primer: 5′‐GAC ACT TGC GTT CCT TGA T − 3′, antisense primer: 5′‐GCG GCG ATA CTT CTA CTT G‐3′), GRK3 (sense primer: 5′‐GCA CTT CAT GGC ATA CAT T − 3′, antisense primer: 5′‐GAA ACA GGT GAC GGC TAC‐3′), and GRR5 (sense primer: 5′‐AGG CCA GTC ACC ATT TCG AG −3′, antisense primer: 5′‐GCA GAT GGA CTT GGC CTC TT‐3′) were synthesized. To normalize RNA content, the GAPDH served as the internal control. Each sample was amplified in triplicate and normalized vs the endogenous control. Results were calculated using the 2^−ΔΔCt^ method.

2.2. Patient study {#jdb12991-sec-0015}
------------------

### 2.2.1. Patients and echocardiographic evaluation {#jdb12991-sec-0016}

T2DM patients aged 30‐60 years with LVDD were recruited in this study, including 22 men and 22 women. Thirty T2DM patients without LVDD were recruited as the DM control group in the study. All of them were without evidence of hypertension, coronary artery diseases, congestive heart failure, and diabetic complications and without evidence of ischemia in a maximal treadmill exercise test; and no other medications than antidiabetics were used by all patients. All patients included used oral antihyperglycemic medications, single medication, or combination of the following medications: metformin, acarbose, and rosiglitazone. LVDD was evaluated by cardiac tissue Doppler and contractile function was evaluated by echocardiography in all subjects. The pseudonormal pattern of ventricular filling and E′/A′ \< 1 regarded as DM + LVDD, and 0.8 \< E′/A′ \< 1 was DM + LVDD1 group, the pseudonormal pattern of ventricular filling and E′/A′ \< 0.8 was DM + LVDD2 group. The clinical investigation was conducted according to the principles expressed in Declaration of Helsinki, and approved by the Research Ethics Committee of Guangdong Provincial People\'s Hospital (Guangzhou, China), approval number GDREC \[2009\] 101. All subjects gave written consent to participate in this study and were told to follow only conventional medical treatments without additional burden.

### 2.2.2. Real‐time quantitative PCR {#jdb12991-sec-0017}

Blood samples were taken from all patients after 10 hours fasting by using Ficoll‐Paque density gradient centrifugation (GE Healthcare Life Sciences, Pittsburgh, PA) and then centrifuged for 20 minutes at 2000 rpm, and the peripheral blood mononuclear cell layer was collected according to the instruction.[19](#jdb12991-bib-0019){ref-type="ref"} Total RNA was isolated from PBMCs using Trizol Reagent. The quality and quantity of the isolated RNA were determined before reverse transcription. Reverse transcription was performed by using the Thermo Script RT‐PCR system for experimental and control sample respectively. Primer specific for GAPDH (sense primer: 5′‐TCC ATG ACA ACT TTG GTA TCG T‐3′, antisense primer:5′‐GTG GGC CAT GAG GTC CAC‐3′); hGRK2 (sense primer: 5′‐CAT TCA TGG TCA GGT GGA TG‐3′, antisense primer:5′‐TTC TCG AAG AGT GCC ACT G‐3′). The first‐strand DNA was used to amplify the following genes fragment: GRK2 and GAPDH by PCR. The specificity and size of the PCR products were tested by running it on a 1.5% agarose gel.

### 2.2.3. Clinical measurements {#jdb12991-sec-0018}

Glucose level was determined by the glucose oxidation method (Synchron systems LX20). Cholesterol and triglycerides were determined by enzymatic methods (Synchron systems LX20). HbA1c was measured by Bio‐Rad DiaSTAT system (Bio‐Rad Laboratories Inc. CA. USA，Catalog number 210‐0002).

2.3. Statistical analysis {#jdb12991-sec-0019}
-------------------------

All data were presented as means ± SD. Statistical analyses were performed with SPSS 20.0 software, for animal study two‐way analysis of variance (genotype x age) were performed and followed by Bonferroni post hoc test. For patients study one‐way analysis of variance was performed and followed by LSD post hoc analysis for multiple comparisons; the GRK2 difference of human PBMCs between groups were tested by using analysis of covariance, age, and HbA1C were adjusted and followed by LSD post hoc analysis. *P* value \<.05 was considered statistically significant.

3. RESULTS {#jdb12991-sec-0020}
==========

3.1. General characteristics and echocardiographic analysis of mice {#jdb12991-sec-0021}
-------------------------------------------------------------------

By echocardiography, mean heart rate was lower in 12‐week‐old diabetic mice than 12‐week‐old control mice whereas no significant differences in mean heart rate between diabetic mice and control mice at 8 week of age. Left ventricular anterior/posterior wall at systole and left ventricular anterior wall at diastole were significantly thickening in 12‐week‐old diabetic mice, compared to 8‐week‐old diabetic mice and 12‐week‐old control mice. EF and FS were also increased significantly in 12‐week‐old diabetic mice compared to 8‐week‐old diabetic mice and 12‐week‐old control mice. And there was no significant difference in EF and FS between the 8‐week‐old diabetic mice and 8‐week‐old control mice. (Table [1](#jdb12991-tbl-0001){ref-type="table"}). Calculation of left ventricular EF and FS by M mode was showed in Figure [1](#jdb12991-fig-0001){ref-type="fig"}. The parasternal long‐axis view revealed that left ventricular end‐systolic diameter was significantly reduced in 12‐week‐old diabetic mice compared to other groups. (Table [1](#jdb12991-tbl-0001){ref-type="table"} and Figure [1](#jdb12991-fig-0001){ref-type="fig"}).

###### 

Echocardiographic characteristics of control mice and diabetic db/db mice

                           8 W Control    8 W db/db                                              12 W Control                                               12 W db/db
  ------------------------ -------------- ------------------------------------------------------ ---------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------
  N                        3              5                                                      5                                                          6
  Body weight (g)          20.74 ± 0.79   39.61 ± 2.37[\*](#jdb12991-note-0005){ref-type="fn"}   22.45 ± 0.92[\*\*](#jdb12991-note-0006){ref-type="fn"}     44.46 ± 3.11[\*](#jdb12991-note-0005){ref-type="fn"} ^,^ [\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  Blood glucose (mmol/L)   11.30 ± 0.99   26.22 ± 3.93[\*](#jdb12991-note-0005){ref-type="fn"}   11.04 ± 0.50[\*\*](#jdb12991-note-0006){ref-type="fn"}     29.00 ± 3.94[\*](#jdb12991-note-0005){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  Heart rate (bpm)         389 ± 58       407 ± 46                                               572 ± 26[\*](#jdb12991-note-0005){ref-type="fn"} ^,\*\*^   509 ± 60[\*](#jdb12991-note-0005){ref-type="fn"} ^,^ [\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  Heart weight (mg)        97.45 ± 1.23   128.08 ± 20.00                                         127.46 ± 23.09                                             128.72 ± 7.02
  LVAWs (mm)               1.01 ± 0.18    1.23 ± 0.23                                            1.29 ± 0.05                                                1.70 ± 0.12[\*](#jdb12991-note-0005){ref-type="fn"} ^,^ [\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  LVAWd (mm)               0.75 ± 0.00    0.79 ± 0.21                                            0.92 ± 0.15                                                1.13 ± 0.13[\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  LVPWs (mm)               0.96 ± 0.05    1.19 ± 0.21[\*](#jdb12991-note-0005){ref-type="fn"}    1.16 ± 0.07                                                1.41 ± 0.08[\*](#jdb12991-note-0005){ref-type="fn"} ^,^ [\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  LVPWd (mm)               0.73 ± 0.03    0.89 ± 0.20                                            0.84 ± 0.09                                                0.97 ± 0.13
  LVESD                    2.23 ± 0.69    2.24 ± 0.41                                            2.36 ± 0.53                                                1.53 ± 0.22[\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  LVEDD                    3.42 ± 0.49    3.29 ± 0.58                                            3.41 ± 0.52                                                2.93 ± 0.20
  FS (%)                   35.6 ± 11.0    32.0 ± 4.9                                             31.1 ± 5.4                                                 47.8 ± 4.1[\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}
  EF (%)                   65.2 ± 15.3    61.2 ± 6.9                                             59.7 ± 8.4                                                 80.4 ± 4.5[\*\*](#jdb12991-note-0006){ref-type="fn"} ^,^ [\*\*\*](#jdb12991-note-0007){ref-type="fn"}

*Note:* Data are presented as means ± SD.

Abbreviations: EF, Ejection fraction; FS, Fractional shortening; LVAWd, Left ventricular anterior wall thickness at diastole; LVAWs, Left ventricular anterior wall thickness at systole; LVEDD, Left ventricular end‐diastolic diameters; LVESD, Left ventricular end‐systolic diameters; LVPWd, Left ventricular posterior wall thickness at diastole; LVPWs, Left ventricular posterior wall thickness at systole.

*P* \< .05, vs 8 W Control group

*P* \< .05, vs 8 W db/db group

*P* \< .05, vs 12 W Control group.

![Echocardiographic images demonstrating an example of left ventricular diameter in M‐mode. LVESD, Left ventricular end‐systolic diameters; LVEDD, Left ventricular end‐diastolic diameters](JDB-12-247-g001){#jdb12991-fig-0001}

3.2. Diabetes‐induced fibrosis {#jdb12991-sec-0022}
------------------------------

Cardiac muscle fibers were disordered, cell gap increased, and many of the fibers were collapsed in the myocardium of 12‐week‐old diabetic mice, according to the HE staining (Figure [2](#jdb12991-fig-0002){ref-type="fig"}A). Masson staining detected an elevated deposition of extracellular matrix within the interstitial and mainly perivascular areas of the myocardium of 12‐week‐old diabetic mice (Figure [2](#jdb12991-fig-0002){ref-type="fig"}B). The CVF was significantly increased in 12‐week‐old diabetic mice compared to 8‐week‐old diabetic and 12‐week‐old control mice. Protein expression profiles showed a significant increase in collagen‐3 in 8‐week‐old and 12‐week‐old diabetic mice compared to the corresponding age control group, however no significant changes in collagen‐1 expression between different groups (Figure [2](#jdb12991-fig-0002){ref-type="fig"}C,D).

![A, HE staining of the left ventricular myocardium from 8 W/12 W control group and 8 W/12 W diabetic group. B, Masson staining of the left ventricular myocardium from 8 W/12 W control group and 8 W/12 W diabetic group. C, Left ventricular myocardium collagen‐1 protein expression. D, Left ventricular myocardium collagen‐3 protein expression. E. Left ventricular myocardium CVF. Scale bar =100 μm applies to all images. CVF, Collagen volume fraction. Data are presented as means ± SD (8 W control n = 3, 8 W DM n = 5, 12 W control n = 5, 12 W DM n = 6)](JDB-12-247-g002){#jdb12991-fig-0002}

3.3. Cardiomyocyte apoptosis {#jdb12991-sec-0023}
----------------------------

The cardiomyocyte apoptosis rate of diabetic mice, measured via TUNEL was significantly increased, compared to that of the corresponding age control group (Figure [3](#jdb12991-fig-0003){ref-type="fig"}A,B). The western blotting showed that P53 expression was significantly increased in 12‐week‐old diabetic mice compared to the 8‐week‐old diabetic mice (Figure [3](#jdb12991-fig-0003){ref-type="fig"}C).

![A, TUNEL staining under an inverted fluorescence microscope B, Cell apoptosis rate evaluated by TUNEL. C, The expression of P53 in the left ventricular myocardium of mice. Data are presented as means ± SD (8 W control n = 3, 8 W DM n = 5, 12 W control n = 5, 12 W DM n = 6)](JDB-12-247-g003){#jdb12991-fig-0003}

3.4. The GRKs RNA level in the left ventricular myocardium of mice {#jdb12991-sec-0024}
------------------------------------------------------------------

GRK2‐mRNA level was significantly elevated in 12‐week‐old diabetic mice compared to the 12‐week‐old control group and elevated in 8‐week‐old diabetic mice compared to the 8‐week‐old control group; however, the difference was not statistically significant (Figure [4](#jdb12991-fig-0004){ref-type="fig"}); so as for the GRK2 expression in the left ventricular myocardium of mice evaluated by the immunofluorescence assay (Figure [5](#jdb12991-fig-0005){ref-type="fig"}). There were no significant differences in GRK3‐mRNA level and GRK5‐mRNA level in the myocardium of mice between diabetic group and control group at both 8 and 12 week of age (Figure [4](#jdb12991-fig-0004){ref-type="fig"}).

![The mRNA level of GRK2, GRK3 and GRK5 in the left ventricular myocardium of mice. GRK2 = G protein‐coupled receptor kinase‐2; GRK3 = G protein‐coupled receptor kinase‐3; GRK5 = G protein‐coupled receptor kinase‐5. Data are presented as means ± SD (8 W control n = 3, 8 W DM n = 5, 12 W control n = 5, 12 W DM n = 6)](JDB-12-247-g004){#jdb12991-fig-0004}

![A, Immunofluorescence images for GRK2 control and diabetic mice with different ages. B, The GRK2 expression in the left ventricular myocardium of mice evaluated by immunofluorescence positive cells percentage. GRK2 = G protein‐coupled receptor kinase‐2; Data are presented as means ± SD (8 W control n = 3, 8 W DM n = 5, 12 W control n = 5, 12 W DM n = 6)](JDB-12-247-g005){#jdb12991-fig-0005}

3.5. General characteristics and echocardiographic analysis of T2DM patients {#jdb12991-sec-0025}
----------------------------------------------------------------------------

There was no significant difference in plasma fasting glucose concentrations, body mass index, and HbA1c between the DM control and DM LVDD subjects (Table [2](#jdb12991-tbl-0002){ref-type="table"}). Heart function was evaluated by echocardiography, the systolic function was normal in all patients (Table [2](#jdb12991-tbl-0002){ref-type="table"}).

###### 

General characteristics and echocardiographic analysis of T2DM patients

                               DM control (*n* = 30)   DM + LVDD                                               
  ---------------------------- ----------------------- ------------------------------------------------------- -------------------------------------------------------
  Age (Y)                      44.43 (30‐57)           49.86 (32‐62)[\*](#jdb12991-note-0010){ref-type="fn"}   52.23 (37‐64)[\*](#jdb12991-note-0010){ref-type="fn"}
  Gender (F/M)                 15/15                   11/11                                                   11/11
  Diabetes duration (Months)   33.2 (1‐144)            48.36 (1‐144)                                           44.23 (1‐240)
  BMI (kg/m^2^)                23.33 ± 1.74            23.31 ± 2.45                                            23.90 ± 2.24
  FBG (mmol/L)                 9.54 ± 3.35             9.74 ± 2.85                                             9.07 ± 2.52
  HbA1C (%)                    9.40 ± 2.79             9.72 ± 2.59                                             9.15 ± 2.75
  TG (mmol/L)                  1.72 ± 1.21             1.39 ± 0.62                                             2.00 ± 1.49
  LDL (mmol/L)                 2.67 ± 0.87             2.67 ± 0.93                                             2.71 ± 1.02
  LVDd (cm)                    45.40 ± 3.44            43.77 ± 3.84                                            45.23 ± 3.01
  LVDs (cm)                    26.07 ± 2.74            26.59 ± 3.90                                            27.18 ± 2.65
  LVPW                         8.90 ± 0.84             9.27 ± 1.12                                             9.36 ± 1.29
  EF (%)                       66.60 ± 2.67            65.36 ± 2.90                                            66.86 ± 2.80

*Note:* Data are presented as means ± SD.

Abbreviations: BMI, Body mass index; EF, Ejection fraction.; FBG, Fast blood glucose; HbA1c, Hemoglobin A1c; LDL, Low density lipoprotein; LVDd, Left ventricular diameter at diastole; LVDD, Left ventricular diastolic dysfunction; LVDs, Left ventricular diameter at systole; LVPW, Left ventricular posterior wall thickness; TG, Triglyceride.

*P* \< .05, vs control group.

3.6. GRK2 expression in PBMCs of early DCM {#jdb12991-sec-0026}
------------------------------------------

The GRK2 mRNA level in PBMCs of diabetes patients with LVDD was significantly increased than that of the diabetic controls without LVDD with age and HbA1C adjusted (Figure [6](#jdb12991-fig-0006){ref-type="fig"}A). There was no significant difference in GRK2 mRNA level in PBMCs between DM + LVDD1 group and DM + LVDD2 group and so as GRK2‐mRNA level in female T2DM and male T2DM (Figure [6](#jdb12991-fig-0006){ref-type="fig"}B,C).

![A, GRK2 mRNA expression in PBMCs of T2DM. B, GRK2 mRNA level in PBMCs of female T2DM. C, GRK2 mRNA level in PBMCs of male T2DM. LVDD = Left ventricular diastolic dysfunction. PBMCs = Peripheral blood mononuclear cells. Data are presented as means ± SD, data were tested by using Analysis of Covariance, age and HbA1C were adjusted, and followed by LSD post hoc analysis. *P* value \<.05 was considered statistically significant. (Figure A. DM control n = 30, DM + LVDD1 n = 22, DM + LVDD2 n = 22; Figures B and C. DM control n = 15, DM + LVDD1 n = 11, DM + LVDD2 n = 11)](JDB-12-247-g006){#jdb12991-fig-0006}

4. DISCUSSION {#jdb12991-sec-0027}
=============

HF in diabetic patients is associated with not only coronary artery diseases but also DCM, which is described as a cardiometabolic disease. Diastolic dysfunction together with concentric cardiac hypertrophy is considered the first hallmark of DCM. Although the mechanism of DCM is not fully understood, diastolic dysfunction and remodeling of ventricular concentric hypertrophy might be associated with metabolic damage in diabetes.[20](#jdb12991-bib-0020){ref-type="ref"}, [21](#jdb12991-bib-0021){ref-type="ref"}

The disappointment of HF outcome in Cardiovascular Outcome trials[22](#jdb12991-bib-0022){ref-type="ref"}, [23](#jdb12991-bib-0023){ref-type="ref"}, [24](#jdb12991-bib-0024){ref-type="ref"} in patients with T2DM to date suggests that the mild/moderate DCM patients selected for these studies are very difficult to recover completely. Therefore, DCM therapeutics may have significant disease‐modifying properties only if administered during the preclinical or prodromal stages of the disease. From this view, the reliable diagnosis methods to identify people in these incipient stages of the disease will be fundamental. Herein, the goal of the present study was to explore a new potential biomarker‐GRK2, for early diagnosis of DCM.

In the present study, the diagnosis of the early stage of DCM in 12‐week‐old diabetic mice was based on pathophysiology and ultrasonographic left ventricular hypertrophy, which was consistent with previous studies reporting that early stage of DCM characterized by left ventricular concentric hypertrophy pathophysiology. It will be more profound if the diastolic function was presented. However, the transmitral E and A waves fuse at heart rates \>500 beats/min, E/A ratio could only be assessed in mice with heart rates ≤500 beats/min.[25](#jdb12991-bib-0025){ref-type="ref"}, [26](#jdb12991-bib-0026){ref-type="ref"} And the heart rate of 12‐week‐old mice was too high to detect the E/A ratio. The results showed a significant increase in GRK2 expression in myocardial tissue of diabetic mice at 12 weeks of age along with increases of cardiomyocyte apoptosis and myocardial fibrosis and ventricular wall thickening, which can be considered as the early stage of DCM.[27](#jdb12991-bib-0027){ref-type="ref"}, [28](#jdb12991-bib-0028){ref-type="ref"} GRK3 and GRK5 were found in the left ventricular myocardium of mice, but there was no significant difference compared to nondiabetic controls at the corresponding age. Because previous studies revealed that myocardial GRK2 levels are mirrored by the GRK2 levels in PBMCs of HF patients, we detected the GRK2 expression in PBMCs of T2DM patients with LVDD. LVDD also can be considered as the manifestations of the early stage of diabetic cardiomyopathy because other heart diseases such as coronary heart diseases, dilated cardiomyopathy, and hypertension were excluded in this study. The results revealed that the expression of GRK2 in PBMCs was elevated in T2DM patients with LVDD compared to T2DM patients without LVDD. Taken together, the results mentioned previously indicated that GRK2 expression increased not only in the cardiomyocytes of DCM but also in PBMCs of patients with LVDD, thus GRK2 might serve as a biomarker of early DCM.

Although the possible underlying mechanisms are not fully understood, GRK2 might serve as a promising biomarker of early DCM. First, our present study revealed that GRK2 expression increased in both mice myocardium tissue and patient PBMCs with early diabetic cardiomyopathy. Second, studies show that GRK2 expression is not only related to energy metabolism disorder of diabetes but also plays a key role in diastolic function and systolic function. Previous studies reveal that GRK2 has a key role in the systolic and diastolic function of the heart by regulating β‐adrenergic receptor‐mediated signaling and other signals. Studies also showed that GRK2 upregulation was associated with the dysfunction of β‐adrenergic receptor‐mediated signaling and decreasing of heart contractility in HF.[29](#jdb12991-bib-0029){ref-type="ref"} Conversely, cardiac‐specific GRK2 knock‐out in mice caused a decrease in circulating catecholamine, improvement in cardiac function, and reservation in β‐adrenergic signaling.[30](#jdb12991-bib-0030){ref-type="ref"} Thus, GRK2 expression in the heart appears to be related to cardiac contractile function via β‐adrenergic signaling.[20](#jdb12991-bib-0020){ref-type="ref"}, [21](#jdb12991-bib-0021){ref-type="ref"} Based on the previous studies and the results of the present study, this leads to the thought that GRK2 upregulation in the heart might be associated with diastolic dysfunction and possibly via regulating β‐adrenergic receptor‐mediated signaling in diabetes,[31](#jdb12991-bib-0031){ref-type="ref"} although further studies needed to confirm that. Additionally, upregulated GRK2 not only related to β‐adrenergic receptor‐mediated signaling dysfunction but also diminished contractile responsiveness of the heart to positive inotropes, as it abrogates the pro‐contractile signaling of angiotensin II type 1 receptors, etc.[32](#jdb12991-bib-0032){ref-type="ref"}

Other evidence of GRK2 related to DCM was provided by inhibiting the GRK2 expression. Inhibition of GRK2 increased oxygen consumption rates and ATP production,[33](#jdb12991-bib-0033){ref-type="ref"} reduced the degree of myocardial remodeling,[34](#jdb12991-bib-0034){ref-type="ref"} and abolished the AVP‐induced IL‐6 production and NF‐κB activation.[35](#jdb12991-bib-0035){ref-type="ref"} Moreover, a very recent paper showed that GRK2 inhibition can be safely achieved with beneficial effects in diabetes, and beyond its effects on the glycemic profile, exerted the anti‐inflammatory and antioxidative effect on the heart, which indicated a potential therapeutic action on DCM.[36](#jdb12991-bib-0036){ref-type="ref"}

In addition to β‐adrenergic receptor‐mediated signaling, other mechanisms including insulin resistance, fatty acid oxidation, and cardiomyocyte oxidative stress might be involved in the relation between GRK2 and DCM. What is more, some studies revealed that the sympathetic nervous system hyperactivity or the autonomic imbalance is some of the potential mechanisms involved in the development of diabetic cardiomyopathy, because significant reductions in coronary blood flow were observed in diabetic patients with cardiac autonomic neuropathy.[37](#jdb12991-bib-0037){ref-type="ref"}

The present study complemented a growing list of candidate biomarkers for DCM, such as NT‐proBNP, ANP, Cardiotrophin‐1, IGFBP‐7, and GRK2. Different from the elevated GRK2 expression, elevated NT‐proBNP[38](#jdb12991-bib-0038){ref-type="ref"} and ANP[39](#jdb12991-bib-0039){ref-type="ref"} levels suggest the advanced stage of cardiomyopathy, especially for heart failure; plasma cardiotrophin‐1 expression elevated in diabetes patients with cardiac hypertrophy and systolic dysfunction[40](#jdb12991-bib-0040){ref-type="ref"}; and IGFBP‐7 expression was revealed to be related to insulin resistant, cardiac hypertrophy, and cardiac fibrosis.[41](#jdb12991-bib-0041){ref-type="ref"} These biomarkers represent several putative mechanistic pathways underlying DCM progression. However, expression of GRK2 and other biomarkers mentioned previously are not exclusive for the DCM, and high levels of biomarkers have also been found in other different cardiomyopathies and stress.

A caveat to our findings is that the sample sizes were limited. Future efforts will involve improving the test of the GRK2 level in PBMCs, and a longitudinal study with adequate power for gauging the utility of GRK2 for the onset of DCM. We should also keep in mind that the animal study only included male mice but no female mice included; what is more, the age of mice is much younger than that of the patient population; that is because db/db mice developed diabetes at a much younger age than the patients of this study. Although the mice are obesity whereas the patients in this study have normal body mass index scores, our clinical data and a previous study have revealed that body weight is not related to diabetic cardiomyopathy significantly. And we should also keep in mind that the diastolic function and GRK2 expression in PMBCs of 12‐week‐old mice were lacking in the present study. These data only provided important clues and possibility that GRK2 might function as a biomarker for the diagnosis of DCM early stage; however, further research is still needed.

5. CONCLUSIONS {#jdb12991-sec-0028}
==============

GRK2 expression increased in the myocardial tissue and the PBMCs at the early stage of DCM. These data support further research on the role of GRK2 as the clinical biomarker of early DCM.
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